Molecules self-assembling in solution may pass through multiple phases and morphologies before reaching a thermodynamically stable state. Here we demonstrated this effect in tetracyanoquinodimethane (TCNQ), an organic molecule often used as an electron acceptor in charge transfer complex compounds. We showed that it self-assembles in a wide range of crystal habits, from nanocoils to polyhedral crystals. Scanning electron microscopy imaging on freeze-dried samples revealed the crystal growth of TCNQ starting from seed-shaped nucleation sites, progressing through flower-like structures and finally forming polyhedral micro-crystals. These results are supplemented by absorption spectroscopy as well as x-ray powder diffraction (XRPD) characterization of a powder sample.
Introduction
Nucleation and growth are underlying phenomena responsible for the formation of many materials. Processes such as solution crystallization, self-assembly, protein aggregation, biomineralization and many types of nanoparticle formation all begin with the initial dimerization of molecules to form nucleation sites, followed by the addition of monomers. Both the kinetics and the thermodynamics are important for understanding the properties of the resulting materials, and the details of intermediate processes can have a critical effect on the characteristics of the final materials.
From the classical point of view, crystallization is described as a single-step process with a parent phase directly transforming to the thermodynamically stable crystalline phase. However, crystal morphology (phase and habit) can pass through various metastable transient regions before reaching the stable one. For the phase, Ostwald's rule of stages describes such a process by predicting that the metastable phase that requires the smallest free energy change will form before the most thermodynamically stable form is reached.
[1] Although Ostwald's rule is not universal, [2] some experimental evidence exists for this rule; for example, Chung et al. have demonstrated a progression of phases in a metal phosphate nanocrystal using in situ highresolution electron microscopy. [3] Numerous studies of the kinetics of the transition process in crystal nucleation have been used to establish analytical models that confirm the existence of the metastable phase. [4] [5] [6] Likewise, crystal habit may change during the crystallization as more stable forms emerge and as the local level of supersaturation changes. [7] Here we report the observation of a metastable transition process in 7,7,8,8-tetracyanoquinodimethane (TCNQ) crystals. TCNQ is an organic electron-acceptor compound, which is often used in charge transfer salts, for example, tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ), for molecular electronics applications. In our experiments, TCNQ is induced to self-assemble using a synthesis technique known as the reprecipitation method. [8] In this method, a solution of a molecular species that is usually organic and nonpolar is prepared and then rapidly mixed with a miscible nonsolvent such as water. The rapid decrease in the solubility of the solute causes the molecules to aggregate and form nanoparticles. Often the solution is in a water-miscible solvent such as acetone or ethanol, which is rapidly injected into water. Using scanning electron microscopy (SEM), we show the coexistence of numerous morphologies at early growth stages and possible evidence for Ostwald's rule of stages in this material.
Experimental section
For our sample preparation, TCNQ (98% purity) was purchased from Acros Organics and used without further purification. An acetone solution was prepared at a concentration of 2.6 mM and then, using a microsyringe, rapidly injected into distilled water at room temperature with a 1:9 volume ratio of acetone solution to water. In the reprecipitation method, the growth of crystals typically becomes stable after 20-30 min of mixing. [9] To study the morphology of particles formed at this stage of growth, we rapidly froze the samples, followed by freeze drying, in order to obtain samples for SEM. At 40 min after the initial mixing, the samples were immersed in liquid nitrogen. Compared with the typical rates of particle formation at this stage of growth, immersion in liquid nitrogen provides a sufficient cooling rate to lock in the morphologies of the nanoparticles. [10] The frozen sample was then freeze dried at −80°C under vacuum for several hours to days in order to sublimate the water.
To image the crystallized structures of TCNQ with SEM, a Zeiss Supra 55VP was used with an in-lens detector at 5 kV beam energy. The samples were placed on aluminum stub mounts for imaging. WETSEM™, a method for electron imaging of wet samples, was also used to analyze wet samples without freeze drying. In WETSEM, the sample is enclosed in a small chamber sealed by a membrane that is thin enough for electrons to pass through to create the image. [11] For this method, the SE2 lens detector was used at 10 kV beam energy. For additional characterization of the crystallized particles, several other techniques, including absorption spectroscopy and x-ray powder diffraction (XRPD), were also employed (see Supplementary Materials).
Results and discussion
Micro-and nano-crystals of TCNQ have been previously observed with several different structures; for example, helical nanowires and dendrites of complexes with TTF and Ag-TTF have been reported in several works, [12, 13] and, depending on solute concentration, TCNQ films on Cu and Al form structures that are dendritic or rhombic. [14] Vacuum-evaporated TCNQ has also been observed with chiral patterns by Li et al. [15] However, as shown in Fig. 1 , we observed an extremely wide variety of TCNQ crystal habits at several different size scales in samples prepared using reprecipitation. Within the same sample, helical structures and square prisms in the 200-400 nm size range were observed, but also 10-20 μm sized polyhedral habits appeared in multiple forms as in Fig. 1(c) . To confirm that the structures observed were due to the nucleation and crystallization growth in the reprecipitation method, SEM images of a TCNQ acetone solution (no freeze drying, only vacuum evaporation) were also taken. In the acetone solution sample, plate structures with warped edges were mostly observed but not the multitude of habits seen in the reprecipitated sample. We also used WETSEM™ technology to image nanocrystal dispersions in situ to ensure that the structures observed in the SEM images were not artifacts of the freeze drying process. As shown in Fig. 1(d) , the same polyhedral habits of TCNQ were observed in WETSEM™ as in the regular SEM imaging. Due to the nature of WETSEM™, a sample crystal needs to be attached on the membrane of the wet sample capsule to be observed, and the beam energy must be kept low so as not to damage the membrane. Therefore, smaller structures could not be observed.
The polymorphism in a single sample could be due to the bond weakness of TCNQ; the energy minima are likely to be shallow, with multiple closely spaced metastable energy states of the crystals nearby that can coexist with the thermodynamically stable one, especially at short times. [16] The closeness of the energy levels may result in the transformation of such structures to the most stable state being too slow to observe. In addition, TCNQ deposited on surfaces has been observed in several ionization states, [17] and can easily form complexes with numerous metals. [18] The variety in morphologies could be partially due to the presence of the different anions in addition to the neutral TCNQ, or by complexation with impurities. A similar wide range of sizes was observed in samples freeze-dried at various times after mixing. This is somewhat surprising, since previous studies of reprecipitation have suggested a typical process for the time dependence of the formation of nanoparticles. It has been observed that nucleation and crystal growth in the reprecipitation method occur on several different time scales. Using dynamic light scattering (DLS), we showed the slow growth of organic nanoparticles of reprecipitated naphthalene [19] and perylene [20] solutions, which took place over 20-50 min. However, work done by Mori et al. using UV-visible absorption spectroscopy with the stopped-flow technique on several types of reprecipitated nanoparticles demonstrated a fast growing process occurring in the range of milliseconds. [21, 22] Prud'homme's group has also shown extremely rapid polymer nanoparticle formation times in double jet mixers. [23] These results, confirmed by fluorescence quenching measurements in combination with DLS in magnesium phthalocyanine, [24] suggest that the initial formation of nucleation sites is extremely rapid, with the growth of larger particles in the hundreds of nanometers to micrometer size range occurring much more slowly. (e) Flower-like structures bundle together to (f) from seemingly a polyhedral plate as they "bloom" more. (g) Flower-like structures on the outmost layer of a polyhedron become flattened as the progression proceeds, and eventually (h) with the smoothened surface, the resulting polyhedral structure is formed with sizes ranging from 10 to 20 µm.
Rapid Communications
Despite the variety of morphologies, some of the TCNQ structures seemingly show the growth process of faceted truncated rhombic crystals starting from roughly spherical "seeds". The images in Fig. 2 are representative of a large number of similar structures observed in the SEM images. As shown in Fig. 2(a) , there are many of the 100-200 nm wide seed-like structures, with branches of 30-50 nm width growing out of them. In structures that seem to be further along in the growth pathway, these branches have extended out in all directions into flower-like structures [ Fig. 2(c) ]. These structures then connect to their neighbors, and as they bundle together, they become the polyhedral shapes shown in Fig. 2(e) . At some point, the flower-like structures on the outmost layers of the polyhedral formations get flattened and smoothed out. The resulting structures then become 10-20 µm polyhedra [ Fig. 2(h) ]. As the structures reach this state, smooth surfaces are formed. The flatness of the polyhedra seems to indicate it is the final, thermodynamically stable morphology.
If these structures represent a progression of nanocrystal morphologies, they reveal a complex process of formation. Ostwald's rule of crystallization stages maintains that crystals can pass through a series of metastable phases, with successive phases being those that require the lowest amount of free energy to form. While we are not able to determine whether the different morphologies represent different crystal phases, some of the transitions in the formation of microcrystals from nanostructures seem to adhere to this rule. For example, the change from the flower-like structures in Figs. 2(e) and 2(f) to the final polyhedra in Fig. 2 (h) seems to represent an actual change of phase. An interesting aspect of these observations is that metastable forms remain for considerable times even after the stable structures have formed; the seed-like nucleation sites coexist with flattened polyhedra.
Current efforts are aimed at further investigations of the progression of these forms. Since the various structures coexist in solution, it is difficult to separate out specific fractions, e.g., the helical structures, to carry out a more detailed characterization of them. Ostwald ripening will provide a further mechanism for the disappearance of smaller structures and the growth of larger ones. Through this mechanism, the smaller structures should eventually disappear.
The polyhedral TCNQ structures showed a dependence on preparation conditions as well. At a 10 times higher concentration of the initial TCNQ acetone solution, smaller polyhedra formed, around a few micrometers in size, as expected from classical nucleation theory (CNT). In CNT, as the concentration increases, so does the rate of crystal formation. This leads to a larger number of initial nucleation sites, which in turn results in smaller particles. [21] The shapes and sizes of the TCNQ nanocrystals also displayed a strong temperature dependence. When the samples were reprecipitated in an ice cold bath, polyhedral structures formed, mainly in the form of 30 μm long sword-like structures in which the crystals grew much more along one axis. In contrast, samples reprecipitated in a hot bath showed a wide variety of shapes, including polyhedra that were often nearperfect rhombic shapes.
Conclusions
In this paper, crystal formation via intermediate metastable states and multiple progressions of crystal morphologies of TCNQ prepared by the reprecipitation method are presented. Starting as seed-like structures, TCNQ crystals seem to form flower-like shapes that eventually form polyhedra. This selfassembling progression seems to follow Ostwald's rule of stages. Further investigations of the specific phase changes are currently under study. In addition to the evidence the images provide relating to Ostwald's rule, the results also suggest a complex process of nanoparticle formation in the reprecipitation method. Understanding this process provides valuable insights into the application of the reprecipitation method for industrial use.
